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A B S T R A C T
The estimation of gestational age (GA) on fetal remains can be an important forensic issue. Forensic
specialists usually use reference tables and regression equations derived from reference collections,
which are quite rare in what fetuses are concerned. Since these tools are mostly grounded on
ultrasonographic measurements, which are known to differ from real bones measurements or are based
on ancient literature, this study aimed the construction of tables and regression equations for the
Portuguese population on the basis of diaphyseal bone length measurements (femur, tibia and humerus)
of 100 fetuses of known GA, using post-mortem radiographs.
There is a strong correlation between the longitudinal length of studied bones and GA; the femur
exhibits the strongest correlation (r = 0.969; p = 0.000), followed by the tibia (r = 0.966; p = 0.000) and
the humerus (r = 0.963; p = 0.000). Therefore it was possible to obtain regression equations and to build
tables with reference values for each of the diaphysis analyzed.
 2013 Elsevier Ireland Ltd. All rights reserved.
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Fetal age estimation is still a difficult task, especially since this
kind of remains is unusually found, making it hard for the
anthropologist to become comfortable when studying it [1,2].
However, it can be of important forensic value, particularly when it
is necessary to determine the fetus viability, or in other words, if
the fetus could have been born alive [3–7], even knowing that the
skeleton alone will not convey the information about whether the
fetus was born alive or dead, unless it is regarding neonate’s
remains [1–3].
The two main criteria used for fetal age estimation are dental
mineralization and skeletal data, such as long bone diaphyseal
length [1,3,6], which is highly correlated with gestational age [8–
13] and quite resistant to decomposition when comparing with
other fetal structures [2,3,5,8]. Although dental age is recognized as* Corresponding author at: Hospital Garcia de Orta, Avenida Professor Torrado da
Silva, Pragal, 2801-951 Almada, Portugal. Tel.: +351 962825673.
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(C. Carneiro).
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http://dx.doi.org/10.1016/j.forsciint.2013.05.039more reliable than skeletal age, in many forensic instances the
human remains do not include dentition. It is thus of upper-most
importance to test the reliability of diaphyseal length for the
purpose of age evaluation. Furthermore, recent studies advocate
that the derived regression equations used for this estimation are,
in some way, specific for each population and should be based on
recent well-documented samples. As shown by various studies,
size at birth is affected by secular trends which affect fetal length
and depends on factors such as environmental improvements and
socio-economical status [14–16]. Considering the size of fetal
bones, even small differences may cause a big impact in age
determination and, therefore, affect the outcome of forensic cases.
When estimating skeletal age, forensic specialists typically use
reference tables and specific regression equations that are derived
from reference samples such as osteological collections. Yet, the
lack of large identified skeletal collections including fetuses
precludes the existence of appropriate formulae [8]. Consequently,
these tables are mostly based on ultrasonographic measurements
[9–12] that might differ from actual measurements on dry bone
[17,18]. Moreover, formulae applicable on dry bones have two-
steps and are mostly supported by outdated literature [8,13]. Until
now, the most used reference to estimate fetuses’ age at death has
Fig. 1. Typical radiograph – anteroposterior position.
Fig. 2. Typical radiograph – lateral position.
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derived from historical and not identified samples [8]. The need to
develop new standards and to evaluate their specificity in relation
to the population on the basis of which they were developed has
become obvious. Recent studies, as is the case of Adalian et al.
[4,17], who validated a methodology using measurements made
on radiographies, which are more reliable than ultrasound
measurements, used an identified sample, obtained from a hospital
database.
As such, the main goal of the present study was to update fetal
radiographic data for the Portuguese population, using a validated
method [17]. The authors also sought to identify which of the three
studied bones (femur, tibia and humerus) was more accurate to
estimate gestational age. Also, it was intended to assemble
reference tables for each bone to simplify gestational age
comparisons. The final purpose of this study was to compare
the obtained equation for the femur with the formulas developed
by other authors with the same aim, namely those from Fazekas
and Ko´sa, Adalian et al. and Scheuer and Black [8,17,19].
2. Materials and methods
The present study was based on a validated method, using plain radiographs (XR)
from fetuses of known gestational age. The decision of employing XR measurements
was due to the fact that they are more reliable than ultrasound measurements and
can easily be used when the subject of study (in forensic context, for instance)
retains soft tissues [4,17,18].
This was a retrospective cohort study. Anonymous fetopathological autopsy
records from spontaneous and therapeutic abortions (meaning that none of the
fetuses was born alive), performed at Hospital Garcia de Orta, E.P.E. (Almada,
Portugal) were collected. All abortions occurred between 2000 and 2011. There
were no ethical issues involved since there was authorization to perform plain
radiographs and autopsies following the hospital’s protocol, as well as to use these
data in further investigations; on the other hand, there was no additional
manipulation of the fetuses.
The sample used in the present study consists of 100 fetuses (55 males; 45
females) with an age range between 13 and 40 weeks of gestational age (GA). The
mean age at death is 26.11 weeks (SD = 7.74). The selection of the fetuses was made
according to the following criteria:
 GA between 13 and 40 weeks;
 Absence of external limb malformation;
 Absence of pathological alterations which could compromise normal skeletal
growth (e.g. Intra Uterine Growth Restriction);
 Lack of maternal pathology;
 Time elapsed between intrauterine death and fetal expulsion inferior to a week;
 Twin pregnancies were included only when there were no signs of discordant
growth.
Diaphyseal bone length measurements of the femur, the tibia and the humerus
were performed using post-mortem radiography (XR), taken with Siemens Mobilett
II equipment (Global Siemens Healthcare Headquarters – Siemens AG, Healthcare
Sector, Henkestrasse 127, D-91052 Erlangen, Germany); XR were then stored in a
software application called Centricity1 Radiology, developed by General Electric
Company (GE Healthcare Global Headquarters, Pollards Wood, Nightingales Lane,
Chalfont St. Giles HP8 4SP, United Kingdom).
Considering that XR records are collected form a hospital background, the fetuses
belong to an identified sample, which is of great empirical value to develop
formulas for each population [4,17].
Measurements of the larger dimension of the three long bones chosen for this
study were taken with a 0.5 mm graduated metal ruler. Whenever it was necessary,
the obtained value was converted to scale (included in the XR). As a rule, the
measurements were performed on the left side, with the fetus placed ante-
roposteriorly (Fig. 1), otherwise the measurements were taken with the fetus placed
laterally (Fig. 2).
The calculation of GA was made in weeks, following the standard terminology
used in obstetrics [9–11] and forensic sciences [7]. Classical formulae calculate GA
in lunar months [8,13].
Statistical analysis was performed with SPSS1 (Statistical Package for the Social
Sciences) 17.0. Gestational age and the longitudinal dimensions of the long bones
were treated as continuous variables. The normal distribution of the variables was
assessed through the skewness and kurtosis of the distributions [20] and the Q–Q
plots. The equality of variances was evaluated with a Levene’s test. All the variables
are modeled by a normal distribution. The reliability of the method was evaluated
with the relative Technical Error of Measurement (rTEM) [21]. A Student’s t-test forindependent sampled was used to evaluate if gender affected the length of the long
bones. A linear inverse calibration model was used to predict gestational age at
death, with gestational age as the response variable. 95% CI formulae were also
included to encompass a range within which the parameter ‘‘gestational age’’ is
estimated to be located.
In order to construct easy access reference tables, the sample was divided in six
groups comprising five gestational weeks.
Table 1
Relative technical error of measurement results showing repeatability and
reproducibility values in the present study.
Bone
diaphysis
Intra-observer error
(repeatability, in %)
Inter-observer error
(reproducibility, in %)
Femur 0.405 0.61
Tibia 0.747 0.86
Humerus 1.091 1.07
Table 2
Regression equations obtained in the present study.
Bone Regression Equation Error
Femur GA = 8.980 + (0.366  femur length [mm]) 0.478
Humerus GA = 7.237 + (0.446  humerus length [mm]) 0.570
Tibia GA = 8.798 + (0.429  tibialength [mm]) 0.512
Table 3
Reference table for femur length growth.
Age class (weeks) Mean SD 95% CI N
13–17 17.0 6.1 13.3–20.7 13
18–22 32.0 5.8 29.6–34.3 27
23–27 43.9 5.2 41.6–46.3 21
28–32 59.5 7.5 55.0–64.1 13
33–36 68.0 7.6 62.9–73.1 11
37+ 76.5 6.1 73.1–79.9 15
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namely those calculated by Fazekas and Ko´sa [8], Adalian et al. [17] and Scheuer and
Black [19], in a validation sample, meaning that these fetuses were not used to
obtain the new equations.
3. Results and discussion
To control the accuracy and precision of the measurements, the
relative Technical Error of Measurement (rTEM) [21] was
calculated.
The lower the value, the better is the result. In this case, a value
under 1% is considered acceptable for skillful anthropometrists,
which means that these results are good, only the humerus is
slightly above this limit. The intra-observer error (repeatability)
results are presented in Table 1.
The same is seen when evaluating the inter-observer error
(reproducibility) where a value under 1,5% is considered accept-
able for skillful anthropometrists. The results obtained in the
present study are shown in Table 1.
In this case, we can assert that the method used in this study
provides reproducible results.
In the studied sample, longitudinal dimensions of the diaphysis
of long bones are not significantly different between males and
females (Femur: Student’s t = 1.533; df = 98; p = 0.129; Tibia:
Student’s t = 1.698; df = 97; p = 0.093; Humerus: Student’s
t = 1.565; df = 98; p = 0.121).
As expected [8–13], there is a very strong positive correlation
between longitudinal length in the studied bones and documented
GA. The correlation between the femur length and GA was the
strongest (Pearson’s r = 0.969; p = 0.000, see Fig. 3), followed by the
tibia (Pearson’s r = 0.966; p = 0.000) and the humerus (Pearson’s
r = 0.963; p = 0.000).
The obtained regression equations appear to be very useful for
making predictions about GA, with each model explaining a very
high percentage of total variance (Table 2). The use of conventional
regression analysis to relate the indicator variable (in this study:
the longitudinal length in long bones) with age (in this study:
gestational age) involves a systematic bias in age estimation: there
is a tendency to overestimate age in younger individuals, and to
underestimate it in older individuals [22,23]. Claude Masset [24]
suggested that this trend is related to the age distribution of the
reference sample but it has been also proposed that the use of age
as the dependent variable in the regression analysis weakens the
estimates [25]. Notwithstanding, this bias is highly determined byFig. 3. Strong correlation between fethe coefficient of correlation (r) and the coefficient of determina-
tion (r2): a poorer correlation (r < 0.7) entails a greater bias. There
are some circumstances when the inverse calibration method
performs very well, one of them being when the age indicator is
almost perfectly correlated with age [26]. That is the case of
longitudinal length of the long bones in fetuses and gestational age.
Besides obsolescent, formulae typically used by forensic
anthropologists [8,13] are actually two-steps formulae: first they
transform the bone length in body size and then they convert the
body size into GA. On the other hand, one-step formulae are
quicker in the estimation of GA and less prone to errors.
It was possible to build quick reference tables with the values of
each bone for six age groups (in weeks of gestation), as follow
(Tables 3–5). These tables are easy to use. The mean length of eachmur length and gestational age.
Table 6
Predictive values of gestational age (GA) in weeks and their residuals (difference to real age) based on the equations developed for the femur by Scheuer and Black, Adalian
et al., Fazekas and Ko´sa and the present study.
Real GA (weeks) Scheuer and Black Adalianet al. Fazekas and Ko´sa Present study
Calculated GA Residual Calculated GA Residual Calculated GA Residual Calculated GA Residual
15 19 4 14 1 12 3 15 0
16 21 5 17 1 15 1 18 2
16 24 8 20 4 18 2 21 5
16 20 4 15 1 14 2 16 0
19 24 5 20 1 18 1 20 1
19 24 5 21 2 18 1 21 2
21 27 6 24 3 20 1 24 3
24 29 5 26 2 24 0 26 2
24 29 5 26 2 24 0 26 2
25 30 5 28 3 27 2 28 3
27 30 3 27 0 25 2 27 0
31 33 2 31 0 30 1 30 1
32 40 8 40 8 40 8 38 6
34 39 5 39 5 40 6 37 3
37 37 0 36 1 36 1 35 2
Table 4
Reference table for tibia length growth.
Age class (weeks) Mean SD 95% CI N
13–17 14.6 5.4 11.3–17.9 13
18–22 27.8 5.3 25.7–29.9 27
23–27 38.5 4.9 36.3–40.8 21
28–32 50.6 6.6 46.6–54.6 13
33–36 59.0 7.1 54.3–63.8 11
37+ 65.0 4.3 62.6–67.4 15
Table 5
Reference table for humerus length growth.
Age class (weeks) Mean SD 95% CI N
13–17 16.7 5.9 13.2–20.3 13
18–22 30.9 5.2 28.8–32.9 27
23–27 40.7 5.0 38.4–42.9 21
28–32 52.7 6.9 48.5–56.9 13
33–36 60.0 6.0 55.9–64.0 11
37+ 65.4 3.3 63.6–67.2 15
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the number of cases studied is given.
From the tables observation, it can also be seen that there are
some groups with few individuals; on the other hand, the groups
with both special and legal interest, as is the limit of fetal viability
(capability of surviving outside the uterus) which happens around
the 24th gestational week, and the term of pregnancy (after the
37th week) have, respectively, 21 and 15 elements. Anyway, it is
necessary to enlarge the sample in order to validate the results,
which is being done.
The new regression equation for the femur was compared with
two similar formulae, namely those obtained by Adalian et al. [17]
and Scheuer and Black [19]. Adalian’s sample is very similar to the
one used in the present study (recent fetuses of known GA, from a
European [French] hospital context) [17]. Scheuer and Black’s
study [19] is considered a reference; they also used fetuses of
known GA but their sample comprises only individuals between 24
weeks of GA and six post-natal weeks. Both studies employed XR to
obtain data. The results of the application of Fazekas and Ko´sa’s
equation [8] were also compared with the new formula, since it is
recurrently used in forensic context. The major problem with this
procedure is that it first calculates body length, and only then GA is
obtained in an age range of lunar months. The GA had to be
converted to weeks, in order to compare the results obtained with
the other three equations.
Only the femur was compared since this bone is more closely
related to fetal length and GA [3,9,13,18,19].
In order to avoid methodological bias, fifteen fetuses of known
gestation age not included in the original regression analysis were
used to evaluate which formula is the most reliable to estimate GA
in Portuguese fetal remains. The results are collected in Table 6 and
include the calculated GA (rounded to the closest whole number)
and their difference to the real GA (residual).
The formula obtained in this study presents excellent results,
comparable to the one by Adalian et al. [17], since the mean valueof the residuals is slightly above 2 weeks in both cases (2.1 with the
new formula and 2.3 with Adalian’s formula). The application of
Scheuer and Black’s formula [19] tends to overestimate GA (the
mean of the residuals is 4.7 weeks). The results obtained when
applying Fazekas and Ko´sa’s formula [8] are similar to those
calculated with the new and with Adalian’s formula (the mean of
the residuals is 2.1 weeks). But, as said before, the use of a single
regression equation (as the one calculated in this study) is a much
easier and quicker approach.
The regression equation presented in the present study has the
added advantage of being based on a Portuguese population,
meeting the conditions to be tested on a larger sample.
4. Conclusions
In the present work, it was possible to obtain a useful regression
equation for each studied bone: femur, tibia and humerus.
Furthermore the goal of building quick reference tables for six
age groups for each bone measured was achieved.
In order to solidify the equations, the authors are currently
enlarging the sample and plan to present the results in a near
future, as well as to add the measurements of other long bones.
Furthermore, in order to assure the use of the obtained results in
every case, it is intended to apply the new equations on dry bones.
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